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Abstract 
The literature identifies that a better understanding of the relationship between people and complexity 
in assembly design and operation is needed.  This need is studied here with an industrial case study 
and by employing a socio-technical approach: assembly system operators are invited to take an active 
role in the participatory design of an assemble-to-order system.  To measure the impact of the design 
intervention, a before versus after comparison is made.  The investigative process begins with 371 
observation samples; elementary units of the cycle time population are tested with Welch’s ANOVA 
and regression into complexity variables and a complexity ratio.  The complexity ratio is correlated to 
cycle time with regression (R-sq>0.75, 95% confidence), highlighting improved complexity 
organization with the “after” working design strategy.  The observation models are used to predict 
theoretical complexity ratios and cycle times for direct comparison with a paired t-test.  In the case 
study, the participatory design intervention proves significant by decreasing mean cycle time by 0.72 
min/assembly.  Based on these results, the investigative process proves useful in assessing assembly 
system complexity relative to a working design (complexity ratio) and mean cycle time.   
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1 Introduction 
A summary of the literature on complexity in engineering design and manufacturing concluded that 
there is a critical need for engineers and businesses to innovate and manage complex socio-technical 
systems (ElMaraghy et al., 2012).  Further, an assessment of manufacturing operational complexity 
determined that, “The manufacturing system must balance human characteristics, needs, skills and 
capabilities within the technical and business environment, in order to be effective and successful” 
(EIMaraghy & Urbanic, 2004, p. 401).  This human side of manufacturing is also emphasized in a 
summary of the literature on complexity in assembly systems arising from product variety, which 
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found that “Many assembly operations are so complex that human assembly workers are the most 
efficient solution.  In some cases, manual operations are the only options” (Hu et al., 2011, p. 726).  
Fisher, Jain, and MacDuffie (1995, p. 125) note that to respond to product variety in assembly systems, 
it’s critical to consider “the way that human skills are organized” as a priority.  Given these findings, 
and the projection that product variety will increase in the growing paradigm of manufacturing 
customization (Koren, 2010), a better understanding of the relationship between people and assembly 
system complexity in design and operation is needed.   
The blend of human and technical aspects is characteristic of a socio-technical system, which is 
defined when workers are operators, not just users, of and within a system (Vermaas et al., 2011, p. 
70).  In turn, the actions of the operators shape the assembly system, particularly when it is manual.  
This places system operators in a unique complexity position – influencing the system with their 
actions and receiving system feedback that results from their actions.  The experiences and tacit 
knowledge of the operators within an assembly system are thus essential to understanding its operation 
and the effectiveness of its design, which can be directly addressed by inviting assembly operators to 
participate in the design process.  Participatory design is a socially guided design process, wherein 
stakeholders take action and engage with the designers in mutual learning (Simonsen & Robertson, 
2013).  It is grounded in ethics, respecting the rights of people to have a say in shaping the worlds in 
which they work (Robertson & Wagner, 2013, p. 65).   
In the research study, three participatory design events were held with process, layout, and training 
design foci.  One of the major outcomes focused on here is a change in the over-arching organizing 
principles for how people relate to the process and layout, referred to as the working design strategy in 
this paper.  In the prior design, the organizing principle was for assembly components to be divided 
between the builders and the picking and assembling tasks shared between the builders.  In the new 
design, the organizing principle is for the tasks to be divided between the builders (specialization in 
picking or assembling) and the components shared between the builders.  This research compares the 
complexity of these two working designs in the operational domain of the assemble-to-order system.  
A comparison of complexity is useful in terms of relative impact, but since it is a unit-less value it 
needs to be related to the broader system of value in the manufacturing system for it to have admissible 
meaning within the system.  In the socio-technical systems literature, the aim of manufacturing is 
stated as:  “to be economically productive” (Emery, 1989, p. 15).  Most generally, this relates to 
turning inputs into outputs via a process.   A widely used metric for this in an assembly system is cycle 
time; this research relates cycle time to assembly system operational complexity.  Additionally, to test 
if cycle time has been improved by a working design in an assemble-to-order system is a challenge; 
direct comparisons between before versus after conditions may not be possible or practical if the 
product variety is high, which means that an analytical framework to create comparisons is needed.   
The intent of the research presented here is to characterize relationships between people and 
assembly system complexity in design and operation as follows, (1) by defining an investigative 
process to analyze and compare (before versus after) working designs in an assemble-to-order system 
in the operational domain; and  (2) by utilizing this analytical framework to assess the before versus 
after working designs arising out of a participatory design intervention case study.   
2 Methodology 
2.1 Case Study and Participatory Design 
Since the research aims examine the operational domain, a case study research method is needed in 
order to understand the relationships between people and assembly system complexity in situ.  This is 
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precisely one of the advantages of case studies - to “better understand phenomena embedded in 
situations through complex relationships” (Harling, 2012, p. 6).  For this research, a manual, assemble-
to-order system case study is studied with an industrial partner.  In 2012, 396 different final products 
were assembled.  The product variety is continuously expanding and the same final product may not be 
assembled twice.  Two builders, builder A and builder B, assemble the final products with rigid and 
flexible components using a fixed product layout. The builder position is assigned on a temporary 
basis to temporary, part-time, or full-time employees.  Builders are invited to be participants in this 
study, as they meet the inclusion criterion: a person who works directly or indirectly with the assembly 
process.  The roles of supervisor, manager, lead hand, and planner also meet this criterion.  For over a 
year, this case study has been studied with multiple methods that extend beyond this paper with a total 
of 32 participants, involving research ethics planning and review to ensure respect, safety, and fairness 
with participants (Townsend, Boulos, & Urbanic, 2014). 
  The participatory design (PD) events were designed with three design foci (process, layout, and 
training) – three themes that emerged from the pre-interview problem analysis (Townsend & Urbanic, 
2014); specific pre-interview codes were included as motivations in the PD event design.  The events 
took place in the production area and in a meeting room. The event outlines included questions such 
as, “how do you want to select the components each time that you build an assembly?” Participants 
engaged in answering the questions through discussion and by creating hands-on experiments to test 
out design ideas with assembly materials and simple supplies (paper, tape, Velcro, etc.). The event 
outline utilized the plan-do-check-act cycle (Deming, 2000) to facilitate mutual learning. 
2.2 The Investigative Process 
There is an inherent analytical challenge when assessing a design intervention in an assemble-to-
order system because the final products are by nature highly varied, unpredictable, and may not be 
repeated.  Therefore, before and after observations are not directly comparable.  Here, the investigative 
process takes this into account by first creating observation models then using them to predict 
theoretical direct comparisons.  The investigative process is outlined in Table 1.  Steps 1-9 relate to the 
observation calculations and steps 10-11 relate to the theoretical calculations before (B) and after (A) 
the design intervention.  Steps 1-9 are outlined in Figure 1 with steps 10-11 highlighted.  Step 12 
relates the observation and theoretical calculations. 
 
Step # Investigative Process Step Description 
(Data Collection and Analytical Methods) 
Section 
(Results) B A 
1 6 Observe the assembly process.  Gather data on the assembly product 
structure, layout, process steps, production phase, and cycle time. 
3.1 
2 7 Test for elementary units in the data that explain variation in the cycle time 
population using ANOVA (Welch’s) and regression. 
3.1 
3 8 Define complexity variables from the relevant elementary units and combine 
these variables into a complexity ratio (r).  Calculate the complexity ratio (r) 
and mean cycle time (X-barCT) for each assembly code.   
3.2 
4 9 Plot X-barCT vs. r, and then test the correlation with regression. 3.3 
5 5 Design intervention (participatory design), repeat steps 1-4 for the after (A) 
observations. 
 
10 10 Calculate theoretical complexity ratios, before (rTB) and after (rTA), for each 
assembly code per Figure 1. 
3.4 
11 11 Using rTB and rTA and the appropriate correlation function (from step 4 or 9, 
Y=), calculate the theoretical mean cycle time (X-barCT,T) 
3.4 
12 12 Perform a mean cycle time comparison (before, after) using a paired t-test. 3.4 
Table 1:  The investigative process (B-before, A-after) 
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